We report the measurement of the flux-averaged antineutrino neutral current elastic scattering cross section (dσνN→νN /dQ 2 ) on CH2 by the MiniBooNE experiment using the largest sample of antineutrino neutral current elastic candidate events ever collected. The ratio of the antineutrino to neutrino neutral current elastic scattering cross sections and a ratio of antineutrino neutral current elastic to antineutrino charged current quasi elastic cross section is also presented.
oscillation experiments, and to date, very few measurements in the GeV regime have been made, particularly with antineutrinos [1] .
Recent measurements of neutrino-nucleus CCQE scattering on 12 C show an enhanced cross section [2] relative to the prediction from impulse approximation calculations, such as the relativistic Fermi gas (RFG) model of the nucleus [3] . The enhancement is likely to arise from nucleon-nucleon correlations absent in the RFG model and NCE scattering provides a complementary channel to further examine the nuclear effects common to both CCQE and NCE neutrino-nucleon scattering.
The Mini Booster Neutrino Experiment (MiniBooNE) has previously reported high-statistics measurements of neutrino CCQE (νCCQE) and neutrino NCE (νNCE) scattering cross sections [2, 4] on carbon. Recently, a measurement of the neutrino content of the antineutrino mode flux was carried out [5] and an antineutrino CCQE (νCCQE) cross section measurement published [6] . Sizable nuclear effects are observed in both the νCCQE andνCCQE data suggesting contributions from nucleonnucleon correlations and two-body exchange currents [7] [8] [9] [10] [11] [12] . The νNCE cross section has also been studied to quantify these nuclear effects [13] [14] [15] [16] . As the RFG model does not incorporate the nuclear effects, agreement between the measured cross sections (νCCQE, νNCE, and νCCQE) and the cross section model was achieved by assigning a higher value (∼30%) to the axial mass (M A ) parameter in the axial-vector from factor. For a detailed discussion of neutrino cross section measurements and model predictions see Ref. [1] .
The antineutrino-nucleus NCE (νNCE) scattering measurement reported here is part of a series of measurements providing an understanding of the neutrino flux and cross sections in the energy regime accessible to MiniBooNE [2, 4, 6, [17] [18] [19] . The data set corresponds to 10 .09 × 10 20 protons on the neutrino production target. The experimental signature is the same as the νNCE scattering [4] -the scintillation light produced by the recoil nucleons. The sample size for theνNCE scattering cross section -60,605 events with 40% sample purity -is the largest collected to date for this type of interaction. Also reported here are the first experimental measurements of the antineutrino to neutrino NCE cross section andνNCE toνCCQE cross section ratios.
Previously, a few experiments have measured neutrinonucleon NCE scattering [20, 21] , most notably the BNL E734 experiment [22] which reported both neutrinoproton and antineutrino-proton NCE scattering measurements as a function of four-momentum transfer squared (Q 2 ) with 1,686 and 1,821 candidate events respectively.
II. MINIBOONE EXPERIMENT
A. The Experimental setup.
The MiniBooNE experiment, located at Fermi National Accelerator Laboratory was proposed to test the short base line neutrino oscillations reported by the LSND experiment [23, 24] . In addition, the experiment is well suited to measure a variety of high-statistic, neutrino cross sections [2, 4, [17] [18] [19] . It is situated in the Booster Neutrino Beamline (BNB) that produces the neutrino beam via the decay of mesons produced in a protonberyllium interaction. The primary proton beam with a momentum of 8.89 GeV/c is extracted from the Fermilab Booster in 1.6 µs pulses with ∼ 4 × 10 12 protons in each beam pulse. They impinge on a beryllium target placed in a magnetic focusing horn. The p-Be interactions produce a secondary beam of mesons that can be selectively focused or defocused by the magnetic horn. In antineutrino mode, the magnetic horn focuses negatively charged particles and defocuses positively charged particles. The mesons then decay in an air-filled decay pipe producing a beam of (anti)neutrinos. Magnetic horn focusing also increases the desired neutrino flux reaching the MiniBooNE detector by a factor of ∼ 6. The average energy of the antineutrino beam is about 650 MeV. Further details on the BNB can be found in Ref. [25] .
The MiniBooNE detector, situated 545 m from the Be target, is a spherical steel tank with a radius of 610 cm filled with 800 tons of mineral oil. The mineral oil [26] serves both as a target for the neutrino beam and the medium in which the resultant particles from neutrino interactions propagate . The detector is divided into two optically isolated regions separated by a spherical shell of radius 575 cm. The inner sphere, referred to as the signal region is lined with 1,280 inward-pointing 8-inch photomultiplier tubes (PMTs) [27] . The outer shell is the veto region with 240 PMTs arranged in back-to-back pairs pointed along the circumference of the detector. Charged particles produced in the neutrino interaction emit Cherenkov and scintillation light that is collected by the PMTs. Six steel legs support the detector, situated in a vault along with the detector electronics and data acquisition (DAQ) systems. The entire assembly is buried under approximately 3 m of earth overburden to reduce cosmic ray backgrounds. Further details about the MiniBooNE detector can be found in Ref. [28] . A GEANT4-based Monte Carlo (MC) beam simulation [29] is used to calculate the neutrino and antineutrino flux at the detector. The simulation accepts as input the shape, location and material of the components of the BNB, the MiniBooNE target hall, and the meson decay volume through which the primary protons, the secondary mesons, and tertiary neutrinos propagate. The various components of simulation depend on the specific processes in the beamline, and arise from a combination of constraints which include: other particle production software, external measurements by MiniBooNE or other experiments in a similar energy regime, theoretical predictions, and extrapolation of external measurements to MiniBooNE energies.
Most of the neutrinos seen by the detector come from the decay of primary π + and π − produced in the p-Be interaction as well as their subsequent µ + and µ − decays. The π + and π − production tables used in the MC simulation come from a parametrization of the HARP experiment [30] which measured pion production on a replica Be target at 8.89 GeV/c. The resulting neutrino flux prediction for antineutrino mode running is shown in Fig. 1 (The flux tables are available at [31] [25] and [31] .
contamination of the neutrino mode beam (∼6%). For details on the MiniBooNE flux prediction in both modes see Ref. [25] . The neutrino contamination in the antineutrino mode beam was measured by the MiniBooNE collaboration [5] and the results applied to the flux estimate used in the present measurement. Neutrino interaction rates, products, and their kinematics in the MiniBooNE detector are predicted using the NUANCE [32] neutrino event generator that has been customized to the MiniBooNE experiment. It has as input the neutrino flux prediction described above, as well as the detector target material and geometry. The mineral oil target is CH 2 with a density of 0.845 g/cm 3 . The (anti)neutrino NCE scattering off of free protons is modeled using the Llewellyn-Smith formalism [33] , while for bound nucleons the relativistic Fermi gas (RFG) model of Smith and Moniz [3] is used. In NUANCE pion production is assumed to occur via delta production as per Rein and Sehgal's prescription [34] .
The various parameters in NUANCE are tuned as follows: All the nucleon's vector form factors are assumed to retain their conventional values while the mass in the axial vector M A is assigned a value of 1.23 GeV for the nucleons bound in carbon and 1.13 GeV for free nucleons. In order to match the observed MiniBooNE νCCQE data, particularly in the low Q 2 regime, the Pauli blocking parameter was scaled up by a scaling factor, κ=1.022 -see Ref. [35] for details. Note that these values are used for the CCQE/NCE channels that are background to this measurement and the changes as indicated in more recent analyses [2, 4] are covered by systematic errors on these parameters. In the case of neutrino induced resonant pion production, the form factors are assumed to be identical to those used in NCE and CCQE interaction, with the exception of the axial vector mass, where we take M A =1.1 GeV-see Ref. [18] . A 20% probability is assigned to the possibility that the outgoing pion is absorbed within the nucleus through final state interactions (FSI). In this case the final product of the interaction is just the nucleon, similar to a neutrino NCE interaction. Lastly, the strange quark contribution to the vector and axial vector form factor is taken to be zero with an uncertainty of 0.1.
The neutrino-generated final states output by the MiniBooNE neutrino event generator (NUANCE) are passed on to the MiniBooNE detector simulation. A GEANT3 simulation software [36] in conjunction with a customized optical model is used to simulate particle propagation, the resulting light emission and propagation, and the PMT response in the MiniBooNE detector. Some modifications to the standard GEANT3 routines include an improved model for Dalitz decay (π 0 → e + e − γ), muon decay (µ → eνν), and the possibility of µ − capture by carbon. The default GFLUKA [37] package is used to model hadron interactions. The MiniBooNE optical model has twelve components with a total of thirty-five adjustable parameters which have been tuned using external measurements and calibration data. The various components of the optical model include: the index of refraction of the oil, light extinction length, the propagation and detection efficiency of Cherenkov light, scintillation and fluorescence yields of the different fluors present in the oil, scattering and reflections in the detector, and relative and angular efficiencies of the PMTs. The scintillation photons were modelled as per Birk's law [38] and its coefficients are additional parameters in the optical model. The charge and time response of the PMTs were modelled by parametrization of data collected by the PMT studies using a pulsed laser source and calibration light sources in the detector [27] . Finally, the detector simulation includes modelling of signal digitization of the PMT outputs and the data acquisition.
III. NEUTRAL-CURRENT ELASTIC ANALYSIS.
A. Event Reconstruction.
In the case of NCE event reconstruction, each event is assumed to be due to a proton whose Cherenkov and scintillation light profiles are determined from the MC simulation. NCE scattering resulting in outgoing neutrons is only seen through their subsequent strong interactions resulting in protons, hence NCE neutrons are indistinguishable from NCE protons. Most NCE protons are below Cherenkov threshold (350 MeV) and are reconstructed primarily via the scintillation light yields. ergy of an event by employing a log-likelihood minimization method. Outgoing protons from NCE scattering have a characteristic light emission profile which readily allows for their particle identification. The ability to differentiate protons from beam unrelated events (mostly electrons) is illustrated in Fig. 3 where the fraction of prompt light emitted is plotted versus the number of tank PMT hits. Prompt light is defined as the fraction of PMT hits with corrected time between -5 and 5 ns, where the corrected time is the time difference between the PMT hit time and the reconstructed event time with light propagation time from the reconstructed vertex to the PMT taken into account.
Number of tank PMT hits The MiniBooNE detector position resolution for NCE protons is ∼ 0.75 m and ∼1.35 m for neutrons. The energy resolution is ∼20% for protons and ∼30% for neutrons. Energy scaling for NCE protons was checked by plotting the fraction of scintillation or late light as a function of reconstructed energy, as shown in Fig. 2 (bottom). There is agreement (within errors) between data and MC both in the energy regime of interest (50 MeV to 350 MeV) and the Cherenkov threshold transition at 350 MeV. For details on reconstruction methods used in MiniBooNE, see Ref. [39] ; for the NCE event reconstruction in particular see Ref. [40] . The energy calibration of NCE protons is discussed in Appendix C of Ref. [40] .
B. Event Selection.
In order to isolate a sample ofνNCE events a series of analysis cuts based on the physics processes and Monte Carlo studies was applied. The cuts (listed below) are various restrictions on the experimental variables, like PMT charge, time or reconstructed energy, which differentiate the NCE events from other events.
1. Only 1 subevent to ensure selection of NC events with no decaying particles. A subevent is a cluster of at least 10 tank hits with no more than 10 ns between any two consecutive hits. A typical NCE interaction has only one subevent associated with the primary neutrino interaction.
2. Number of veto PMT hits less than 6. This cut excludes events that are entering or exiting the detector and register activity in the veto region. Cosmic rays and neutrino interactions in the material surrounding the detector with the outgoing nucleon entering the detector account for most of the events constrained by this selection cut. The veto cut removes almost all (99.9%) of the cosmic ray background. CCQE interactions in which the muon exits the detector before decaying are also excluded by this cut.
3. The reconstructed event time must occur within the neutrino beam time window.
4. Number of PMT tank hits greater than 12 to ensure that the event can be reliably reconstructed.
5. Reconstructed proton energy less than 650 MeV, above which the signal to background ratio decreases significantly.
6. A cut on the log-likelihood ratio between events reconstructed with a proton hypothesis and an electron hypothesis: ln(L e /L p ) < 0.42. This cut removes beam-unrelated (Michel) electrons from cosmic ray muon decays. Fig. 4 shows the likelihood difference between events reconstructed under an electron and a proton hypothesis, for both Monte CarloνNCE scattering events and beam-unrelated backgrounds (data).
7. Finally, a fiducial volume cut of 5 m. This cut ensures that the events in the sample are wellreconstructed and well-contained. It also reduces the neutrino events resulting from interaction with the earth surrounding the detector.
A total of 60,605 events pass the analysis cuts, representing the largestνNCE candidate sample ever collected to date. Table I shows the results of a MC study to determine the efficiency and purity ofνNCE sample for each selection cut applied in the order shown. Figure 5 Selection cut efficiency purity shows the reconstructed nucleon energy spectrum for NCE events (data) along with the MC prediction of the sample composition, after subtracting beam-unrelated events and estimation of backgrounds (next section). After removing beam-unrelated events, the predicted fraction ofνNCE scattering events in the sample is 48%. The remaining 52% of events are various backgrounds to this measurement. Neutrino induced interactions constitute 19% of the background. The next largest source of background are the so called "dirt events"(17%). These are neutrino interactions happening in the earth just outside the detector with the recoil nucleon entering the detector without firing enough veto PMTs. Finally, there is a contribution from NCE-like events (14%), which are NC-pion producing events where the pion is absorbed in the target nucleus resulting in an event with a nucleon mimicking the neutrino NCE scattering signal.
C. Estimation of Backgrounds
The various backgrounds to the MiniBooNEν mode NCE measurement are similar to those in the ν mode NCE measurement [4] with one notable exception -the neutrino induced events in the antineutrino mode beam. Data-driven methods are used to constrain all of the backgrounds as explained below.
As previously mentioned, the neutrino contamination in the antineutrino flux (∼16%) is significantly larger than the corresponding antineutrino contamination in neutrino mode (∼4%). HARP [30] did not cover all the phase space for π + production necessary to specify the neutrino background in the antineutrino beam. The neutrino contamination in the antineutrino mode beam was measured by MiniBooNE to constrain the flux outside of the region where data from the HARP experiment are available. Three independent and complimentary techniques are employed to measure the neutrino background utilizing the high-statistic neutrino mode cross section measurements made in an almost pure neutrino beam. Briefly, the first technique exploits the difference in the angular distribution of outgoing muons inν and ν CCQE interactions to tag neutrino induced events. The second technique inferred the rate of ν induced events from a study of the charged current (CC) single pion production channel. The neutrino CC single pion interaction leads to a π + whose decay into a muon is seen in the detector, however the corresponding antineutrino CC single pion interaction produces a π − that is absorbed in the detector medium most of the time [41] . The third technique to constrain the ν component of the beam exploits an external measurement of the rate of µ − nuclear capture in ν CC interactions [42] . The results from the three techniques are consistent. For details on the first two techniques see Ref. [5] and for the third technique see Appendix A in Ref. [6] . Accordingly, a correction factor of 0.78 was applied to the MC prediction of the original neutrino flux (in the antineutrino mode) based on the HARP measurement. The antineutrino flux prediction was unchanged in this procedure. The cross section of neutrino induced NCE events in the antineutrino mode is inferred from the high-statistic neutrino mode νNCE cross section measurement [4] . The total uncertainty in the estimation of the νNCE background events in the sample is 14%.
The next major background are neutrino/antineutrino interactions occurring in the earth surrounding the detector resulting in nucleons (mostly neutrons) which penetrate the detector without firing veto PMTs. The so called dirt events are a significant fraction of the total background, particularly at low (below 300 MeV) energies. They are difficult to model as they result from interactions with various media outside the detector (the soil, detector support structures etc.), whose exact composition is not known. However, they have distinct kinematics and spatial distributions that can be used to constrain their contribution. Dirt events are mostly low in energy, preferentially reconstructed in the upstream part (the side facing the beam), and close to the edge of the detector. We use these kinematic information to select a sample of "dirt-enriched" events in both data and MC. A chi-square minimization is then employed to fit the MC prediction with a single scale factor to the observed data. The resulting fits show agreement across the three variables which were chosen: the reconstructed Z variable (axis along the beam direction), reconstructed R variable (radius) and reconstructed energy. Figure 6 shows a representative energy bin in a sample enriched in "dirt events" produced with the reconstructed Z variable. For details on the dirt measurement method used in MiniBooNE NCE analyses see Appendix A in Ref. [4] . This background was separately measured in thisνNCE analysis and νNCE analysis [4] , as the dirt background composition could be different in the two cases. The resultant dirt scaling factor of 0.62 was applied to the MC dirt prediction with an uncertainty of 10%. This may be compared to the scaling factor of 0.68 for the neutrino mode [4] .
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The final background is theνNCE-like events which are NC-pion events where the pion is absorbed within the nucleus, resulting in a final state identical to aνNCE scattering signal event. We rely on the MC prediction (together with the MiniBooNE measured neutral current π 0 cross section [43] ) to estimate this background. The NUANCE cross section model assigns an error of 30% for pion absorption. Note that theνNCE-like background is the only background not directly measured in this analysis, hence we report the calculated contribution which was subtracted to obtain our final antineutrino-nucleon NCE scattering cross section measurement (Fig. 7) . Table II lists the MiniBooNEνNCE analysis sample composition after estimation of backgrounds. We report theνNCE scattering differential cross section as a function of quasi-elastic momentum transfer (Q 2 QE ). For both CCQE and NCE scattering, (Q 2 QE ) is determined assuming a quasi-elastic scattering of a neutrino off an at-rest nucleon. However, to calculate (Q 2 QE ) the outgoing muon kinematics is used in case of CCQE scattering whereas, in case of NCE scattering we use the recoil nucleon. According to our final-state interaction model the total kinetic energy of all of the outgoing nucleons in an NCE interaction is a good proxy for the primary outgoing nucleon and to Q 2 QE . And the sum of the kinetic energies of all final state nucleons produced in an NCE interaction is proportional to the total charge on all PMTs.
where m N is the nucleon mass and T is the sum of the kinetic energies of the final state nucleons. The sum T i is used in the definition due to the calorimetric nature of the MiniBooNE measurement and is more inclusive with respect to possible nuclear effects as compared to track-based reconstruction used in the SciBooNE experiment [44] or the BNL E734 experiment [22] .
The constrained backgrounds-the beam unrelated background, the dirt background, and the neutrino induced backgrounds-are subtracted from the reconstructed energy spectrum for data. TheνNCE-like background is removed by doing a bin-by-bin multiplication of the data spectrum by the signal fraction, i.e. the ratio of number ofνNCE events to the total number of antineutrino induced in-tank events, based on the MC prediction. Finally, a Bayesian unfolding procedure [45, 46] is used to correct the background subtracted data for limited detector resolution, mis-reconstruction, and sources of detector inefficiency.
The flux-averagedνNCE scattering differential cross section is extracted as per the formula:
where U ij is the unfolding matrix, the index j labels the reconstructed energy bin, and i labels the unfolded true energy bin (as per the MC prediction). In the above equation, d j represents data, D j and N j are the datadriven corrected backgrounds of dirt events and beam unrelated events respectively, S j is the MC predicted number ofνNCE scattering events, B j is the rest of the backgrounds which mostly consists of theνNCE-like events, ǫ is the efficiency, ∆T is the bin width, N tar is the number of nucleons in the detector, N P OT is the number of protons on target corresponding to the data set, and Φν is the total integrated antineutrino flux within the energy range 0 to 10 GeV (bothν µ andν e ).
The unfolding matrix U ij is calculated from the predicted correlation between reconstructed nucleon energy and true nucleon kinetic energy (the sum of the kinetic energies of all nucleons in the final state) resulting in a well-behaved, but biased solution. The error due to the bias in the unfolding procedure is estimated by employing an iterative method where each successive unfolded spectrum is used as the true energy spectrum for the next iteration. The resulting spread in the cross section measurement, from the first iteration to the last one when it converges, is the error in the unfolding procedure. The details of the unfolding procedure and the estimation of the associated error with it can be found in Refs. [40, 47] . The resulting flux-averagedνNCE scattering differential cross section is shown in Fig. 7 . Also shown is thē νNCE-like background which was subtracted from the totalνNCE-like cross section. Though the systematic uncertainties are higher in the lowest energy bins, as Q 2 approaches 0, the "roll-over" associated with the binding energy of the carbon nucleus is clearly seen for the first time. Since the MiniBooNE target is mineral oil (CH 2 ), the measuredνNCE scattering is a sum of three different processes: scattering on free protons in hydrogen, bound protons in carbon, and bound neutrons in carbon. The contribution of these individual processes to the total cross section is discussed in Appendix A. Integrating over 0.033 GeV 2 to 1.655 GeV 2 Q 2 QE bins, the totalνNCE scattering cross section per nucleon is (5.06 ± 0.990) × 10 −40 cm 2 . The various uncertainties in theνNCE cross section measurement are listed in Table III . The flux error encompasses the uncertainties in the pion propagation and decay in the BNB. The cross section error includes the uncertainties in the cross section model of the various background processes. The error associated with the detector electronics, the PMT response, and the uncertainty in modeling the production and propagation of optical photons within the detector medium contribute to the detector error. The next two errors are from the uncertainty in the measurement of neutrino induced NCE events and "dirt" events. The final error is due to the unfolding procedure.
For each systematic uncertainty, there is an associated error matrix that encompasses the information about the parameters describing the particular physical process, the uncertainties in the parameters, and any correlation among them. The error matrices are added in quadrature to obtain the total error matrix and Table III lists the normalization error (sum of the diagonal elements of the error matrix) for both the individual errors and the total error. Both the neutrino-nucleus NCE scattering cross section [4] and the antineutrino-nucleus NCE cross section reported here represent the largest sample of such events ever collected to date. Since both measurements were made in the same beamline and with the same detector, we expect a bin-by-bin ratio of the two cross section measurements would cancel the common systematic errors. The resulting cross section ratio plot encompasses information from both the neutrino and antineutrino NCE scattering cross sections while minimizing the errors. However, it should be noted that Q 2 QE is sensitive to the neutrino flux and the two measurements are made in the same beamline but with opposite horn polarities, resulting in non-identical flux spectra. One of the main motivations for measurement of this cross section is to better understand and model neutrino nucleus interactions. We believe that such a ratio measurement where the errors are carefully accounted for would aid the theoretical physics community to test various models.
The data set for the ratio measurement consists of the entire neutrino mode and antineutrino mode NCE scattering cross section data from MiniBooNE. This consists of 94,531 νNCE candidate events and 60,605νNCE candidate events that pass selection cuts.
The systematic error for the ratio measurement was evaluated by dividing the errors into two types: correlated errors and uncorrelated errors. The correlated systematic errors are common to both νNCE andνNCE scattering measurements. Since both measurements are made using the same detector and have the same observed final state, the detector systematic errors -the uncertainty in the optical photon production and propagation, the error associated with the detector electronics, and the error associated with the PMT responseare categorized as correlated errors. The uncorrelated errors include the error associated with the measurement of the dirt background, the error in the measurement of the neutrino component of the antineutrino beam, and the error accrued due to the bias in the unfolding procedure implemented. The resultingνNCE to νNCE cross section ratio measurement is shown in Fig 8. The error bars represent the total normalization error due to both systematic and statistical errors. The total uncertainty in theνNCE to νNCE cross section ratio measurement is about 20%. We also extract aνNCE toνCCQE scattering ratio measurement in terms of Q 2 QE . MiniBooNE has previously reported this ratio in neutrino mode (νNCE to νCCQE ratio) in Ref. [4] . It should be noted that there are significant differences between the extraction of thē νNCE and theνCCQE scattering cross sections. In both cases, we assume a stationary nucleon, but in the case ofνCCQE, the momentum transfer Q 2 QE is determined from the kinematics of the outgoing muon (µ + ), whereas in the case ofνNCE Q 2 QE is calculated from the sum of the kinetic energies of the final state nucleons. In thē νNCE/νCCQE scattering cross section ratio (Fig. 9) , the uncertainties in the flux estimation are assumed to cancel out whereas other errors have been added in quadrature.
IV. SUMMARY.
To summarize, using a high-statistics sample ofνNCE scattering interactions collected by the MiniBooNE experiment theνNCE (νN →νN ) flux-averaged differential cross section, dσ/dQ 2 on CH 2 was measured. For the first time, an antineutrino to neutrino NCE scattering cross section ratio has also been reported, that accounts for all the systematic errors common to both measurements. Finally, theνNCE toνCCQE cross section ratio is provided. The corresponding neutrino mode ratio was reported in Ref. [4] , facilitating a comparison between the two modes. Keeping in mind the different neutrino flux of the individual cross sections, these cross section ratio measurements are arguably independent of various nuclear effects common to the individual cross sections, providing additional tools for model testing.
TheνNCE cross section (Fig. 7) shows good agreement to a simple RFG model with M A = 1.35 GeV-determined by the MiniBooNE νCCQE measurement [2] . This is interesting as it shows that a simple tuning of M A , presumably to effectively handle more complex nuclear effects, provides a reasonable description. Any other models designed to explain the MiniBooNE νCCQE data [7] [8] [9] [10] [11] [12] need to consider the entire MiniBooNE data set (νCCQE,νCCQE, νNCE, andνNCE) to be considered complete. where dσν p→νp,H /dQ 2 is theνNCE cross section on free protons (per free proton), dσν p→νp,C /dQ 2 is theνNCE cross section on bound protons (per bound proton), and dσν n→νn,C /dQ 2 is theνNCE cross section on bound neutrons (per bound neutron). The efficiency corrections should be applied to the predicted cross sections of the individual processes in order to compare with the MiniBooNEνNCE scattering cross section result.
Appendix B: Tables
Here we tabulate the results presented in this paper. Table VI lists theνNCE differential cross section, thē νNCE-like background (as shown in Fig. 7) , and the correction coefficients, in bins of Q 2 QE . Table V quantifies the anti neutrino NCE to neutrino NCE scattering cross section ratio measurement shown in Fig. 8 . And Table IV lists theνNCE toνCCQE differential cross section ratio measurement shown in Fig. 9 . 
